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Abstract 
Environment control system of the near-space capsule is of great importance to maintain a comfortable environment and working 
conditions for crew members as well as onboard equipments. Temperature and humidity, as two main parameters, are controlled 
by the phase change cool storage device in crew capsule. To improve the design of environment control system, a numerical 
study of the thermal environment based on a crew capsule suspending in the stratosphere was conducted in this paper. The main 
structure and thermodynamic parameters of the phase change cool storage device were calculated. Under the way of nozzle outlet 
air supply, a numerical modelling of the temperature and humidity distribution inside a crew capsule is performed. This research 
will contribute a better solution for an advanced environment control system design of crew capsules. 
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Nomenclature  
English letters  
pc  Constant pressure specific heat  (kJ/(kg. ć) 
d  Specific moisture content (kg/kg(a)) 
h  Convective heat transfer coefficient  (W/(m2. ć)) 
H  Height (m) 
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i  Specific enthalpy  (kJ/kg) 
K  Heat transfer coefficient (W/˄m.ć˅) 
m  Mass (kg) 
M  Moisture content (kg) 
Nu  Nusselt number  
r
P  Prandtl number  
Q  Heat (W) 
eR  Reynolds number  
r Radius (m) 
t  Temperature (ć) 
u  Velocity (m/s) 
V  Volume (W) 
Greek letters  W  Time (s) [  Dehumidifying coefficient   Q  Kinematic viscosity (m2/s) O  Thermal conductivity (W/(m2.ć)) H  Residual  
Superscript    Flow  
Subscript  
air  Moist air  
liq  Ice liquid  
melt  Melt  
c Total heat  
cs Sensible heat  
R Return air  
s  Supply air  
w  Wall  
1. Introduction 
Environment control system of the near-space capsule is of great importance to maintain a comfortable 
environment and working conditions for crew members as well as onboard equipments [1]. As the near place covers 
a large range vertically, its thermal environment properties such as temperature, pressure, air speed and radiation are 
remarkably different from the ground [2]. Therefore, thermal-control technology of the near-space capsule is 
complicated and important, attracting great research attention  . 
The safety of onboard crew is continuously threatened by several risky factors, such as toxic gases, erosive 
materials as well as over high carbine temperature. Kiel block et al. reported that the indoor temperature of an 
enclosed space can increase from 20.9 ć to 35.0 ć within 90 min due to the inner heat source contributed by 
human body under the adiabatic wall and non-air flow conditions [3]. Venter et al. experimentally demonstrated that 
the temperature control system is a critical component to maintain a livable environment for an enclosed space [4]. 
Due to the limited space and power supply of the capsule, all equipped devices need to be much more reliable and 
efficient. Therefore, the design of onboard thermal control system is challenged by the capsule loads and its power 
supply. 
Generally, thermal control system for near-space capsules can be sorted into three types: active [5], passive[6] 
and active-passive coupled[7]. For the active type, heat is transferred from indoor environment to outdoor 
environment by conduction, convection as well as radiation. While, for the passive type, the indoor thermal 
condition is controlled by changing thermal characteristics of the enclosed structure. Phase change materials (PCMs) 
are applied mainly to prevent the local overheating of components with high heat density[8]. Through the literature 
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review, application of PCMs in heat-moisture treatment of the capsule has not been well reported. In this paper, a 
technical solution is put forward to control heat and moisture through adopting the phase change cool storage device 
for crew capsule. For the air heat-moisture treatment, since PCM is a cooling source, no extra electric power is 
consumed except the cooling fan. It will contribute a better solution for an advanced environment control system 
design of crew capsule under strict constraints. 
2. Experiment setup 
Figure 1 depicts the main structure design of the phase change cool storage device. The bottom of heat 
exchanger(1) connects to the air inlet part(2), and its top connects to the air outlet part(3).The heat exchanger(1) is in 
cylindrical shape, which includes several tube bundles inside it as air duct(4). The rest of the cylinder volume is full 
of PCM. PCM adding hole(5) locates at the top of heat exchanger, while its condensate drain out(6) is located at the 
bottom.  
a                              b      
                   
c                        d     
                Fig.1. (a) Schematic diagram;  (b) Air-PCM heat exchanger; (c)  Air-supply component; (d) Air channel  
Device setup: 1-heat exchanger; 2-air inlet part; 3-air outlet part; 4-air channel; 5-PCM adding hole; 6-PCM drain outlet; 7-air inlet; 8-condensate 
drain outlet; 9- air  collecting  box; 10-air outlet; 11-fan. 
3. Mathematical modelling 
3.1. Theoretical analysis of heat transfer process 
As there is a melting process, traditional mathematical modeling of cooling coil is not suitable for this study. 
Hosseini et al. conducted several experimental studies on ice melting processes [9], and their results indicate  that  
the volume reduction of the ice does not affect its heat transfer coefficient during the melting process.  Viskanta et 
al. demonstrated only heat conduction (without convection) occurs between the fluid and solid if the temperature 
or density differences are relatively large [10]. Liu et al. established a mathematical modelling of the 
ice melting process under condition of  air natural convection in an enclosed space[11]. 
Based on previous research, in this study the ice melting process is simplified as follows: 
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(1) Copper tube of the heat exchanger is extremely thin, so its axial and radial thermal resistances are neglected.  
(2) Shell of the heat exchanger is adiabatic to surrounding environment. 
(3) Thermal properties (e.g. density, conductivity, etc.) of moist air in the duct are constant. 
(4) Only heat conduction (without convection) is considered in ice-liquid mixture. 
(5) Temperature of ice-liquid interface is equal to the ice melting temperature. 
(6) Thermal properties of the ice-liquid are isotropic in all directions. 
(7) Heat transfer process is quasi steady state. 
Therefore, the heat transfer process can be treated as a one-dimensional radial phase change problem (Figure 2).  
 
Fig. 2.  Heat transfer process of melting process 
Figure 2 is a heat transfer infinitesimal element along the axial direction. Sensible heat and latent heat is 
transferred from the moist air in the duct to the tube wall by forced convection. Then the heat is transferred from the 
tube wall to the ice-liquid mixture by conduction. Finally, the ice absorbs the heat form the ice-liquid mixture and 
melts. During the melting process, the ice-liquid interface extends to the cylinder wall gradually until the ice melts 
absolutely. 
 
Fig. 3.  Axial heat transfer infinitesimal element 
Based on the method of one-dimensional thermal resistance analysis, heat transfer control equations of the 
infinitesimal element are detailed below: 
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Moist air is cooled and dehumidified in the axial direction in the period time 0W : 
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Inside the heat exchanger tube, thermal parameters, such as temperature, humidity, enthalpy and dehumidifying 
coefficient, vary in the axial direction. Outside of the heat exchange tube, radius of the liquid 
( )liqr W  extends 
gradually. The former two heat and moisture change processes are complicated and coupled. It’s not well coincident 
with assumptions above. Hence, further simplifications are applied as below: 
(1) Radius of  the ice-liquid is considered as constant, ˗ 
(2) Dehumidifying coefficient is considered as a fixed value, Qualitative temperature is taken as the sum of the 
ice-liquid temperature and logarithmic mean temperature difference. 
Eq.(7) can be simplified as: 
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Eq.(10) can be obtained: 
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According to the energy conservation, the heat exchange between the moist air and the wall  equals to that 
between the wall and the ice-liquid mixture:  
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Eq.(15) can be changed to the following expression: 
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Dehumidifying coefficient and wall temperature can be obtained from Eq.(12) and Eq.(16). 
3.2. Design method 
Under the given parameters and assumed parameters, air treatment volume by a single module tube is calculated, 
then its number and arrangement can be obtained, finally the outer diameter of the heat exchanger is decided. 
Table 1  Design method 
Given  parameters  Assumed parameters Parameters to be solved  
Thermal properties of the phase change material  
Thermal properties of the Return air and supply air 
Radius of the module tube 
Material of the tube   
Height of the heat exchanger 
Radius of the ice-liquid mixture 
Air treatment volume 
Number of  tubes  
The outer diameter of the heat 
exchanger 
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An iterative calculation was performed utilizing  Matlab. Algorithm was designed as below: 
 

Fig. 4.  Calculation flow chart 
4. Numerical example 
4.1. Structure of the crew capsule 
The crew capsule is powered by helium balloon, and its structure is shown as below: 
 
a            b     
Fig. 5. Schematic diagram of the crew capsule: (a) Top view ; (b) Side view 
The crew capsule is in cylindrical shape with side portholes. Its ceiling is in hemispherical shape. 
4.2. Assumptions 
(1) The indoor air parameters are set as follows: temperature is 23ćf5ć, relative humidity is 30%~70% , 
pressure 1 atm, velocity doesn’t exceed 0.4m/s. 
(2) The radiation heat of portholes is neglected. Thermal insulation performance of the envelope is considered as 
adiabatic. 
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(3) Release heat of the equipment is 0.5kW and the crew number is 6. 
(4) Parameters of the heat and moisture treatment device are: the material of heat exchange tube is purple cooper, 
the inside diameter of tube is 0.05m, the height of heat exchanger is 1m, cold bridges of devices are insulated. The 
PCM is glycol-ice mixture in which the mass concentration of glycol is 22% (liquid phase volume concentration is 
20%).  
(5) Thermal properties of PCM: freezing point is -8.9ć, density is 1036kg/m3, specific heat is 3.67kJ/(kg.ć), 
thermal conductivity is 0.46W/(m.ć), melting heat is 96.8kJ/kg[12]. 
4.3. Calculation process and results 
According to the calculation, to the crew capsule, the total heat cooling load of the capsule is 1.30 kW, sensible 
heat cooling load is 0.95kW, and  the moisture load is 1.5h10-4 kg/s. Direct constant volume air conditioning 
system is designed. 
Equilibrium equation of sensible heat is: 
s p s cs s p Rm c t Q m c t      (17) 
Equilibrium equation of humidity is: 
s s s Rm d M m d      (18) 
Taking the supply air volume 500m3/h, namely 0.167kg /sm s  , thus the state point of supply air is : 
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Assuming that 1.05k  , according to the previous mathematical modelling, the parameters are iterated as follows: 
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Cylinder outer diameter is taken as 0.6m, the arrangement of the tubes is shown as below: 
 
 
Fig. 6. Arrangement of the tubes 
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4.4. Air distribution design 
 
Fig.7. Air distribution form 
As shown in Figure 7, plenum chamber is installed at the exit of supply fan, air distribution form is up-inlet and 
down-outlet on the side. According to calculation, flexible duct with dimension as 0.2mh0.25m along the side of 
plenum chamber is selected. Four nozzles with the diameter of 0.2m are chosen. The top view and side view are 
showed as follows: 
a         b   
Fig. 8. (a) Side view of nozzles ;  (b) Top view of nozzles 
5. CFD analysis  
5.1. Modelling Simplification 
a        b  
Fig. 9. (a) 3-D view of crew capsule; (b)  Top view of crew capsule 
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The physical modelling of the capsule is shown in Figure 9. Human body is simplified into six cylinders with 
radius of 0.15 m and height of 1.7 m. Crews stand symmetrically in two sides of the capsule. Equipment is located 
in the center of the capsule and is simplified into a cylinder with radius of 0.25m and height of 1m. Taking ground 
center as the origin of the coordinate system, air supply direction is along positive X axis, duct direction is along the 
positive Y axis, vertical direction upward for positive Z axis. Base on above data, the physical modeling is set up 
and meshed.  
5.2. CFD  setting   
Based on k H  modelling, a 3-D quasi-steady turbulent modelling of the indoor air is established. The 
boundary conditions are as follows: The human body heat flow is 65 W/m2, equipment heat flow is 282 W/m2. Air 
supply is considered as velocity inlet condition while air return is considered the pressure flow condition.  
5.3. Results and discussion  
a         b   
c       d    
e  f    
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g   h  
 
       Fig.10. Temperature distribution of the crew capsule˖ (a):Surface of human body and equipment;(b)Y=0;(c)Y=0.8m;(d)Y=1.6m; (e) 
Z=0.5m;(f) =1m,;(g)Z=1.5m; (h)Z=2m 
From Figure 10, the minimum temperature of capsule is 17.4 ć, the highest temperature is 36.8 ć and the 
average temperature is 27.5 ć. This temperature distribution meets the air temperature requirement. Through the 
temperature distribution of cross-sections vertical to Y and Z axes , it is found that  the air temperature distribution 
of crew capsule is reasonably good and the variation range is 20ć~26ć. For the surfaces of human body and the 
equipment, the temperature is 5ć ~ 8 ć higher than the average level. However, this high temperature region only 
occupies very small space. The supply air point has the lowest temperature. Since air supply point locates 2 meters 
high, it will not cause draft to the human body. In addition, the low temperature jet flow mixes with high 
temperature air quickly under the effect of entrainment fusion. Therefore, its impacted area is very limited. 
 
a   b  
Fig. 11. Velocity distribution of the crew capsule:(a) Z=1.7m;(b) Z=2m 
From Figure 11, in the cross-section with height of 1.7 m, the average air speed is 0.11 m/s, minimum air speed is 
0.01 m/s and maximum air speed is 0.38 m/s which meet requirements. Figure 11 (a) indicates that the air 
distribution is well at the average height of human body and will not cause draft to human body. Figure 11 (b) 
indicates that the jet flow has a good spread performance on the cross-section of air supply. At the outlet, the supply 
air has been fully mixed, and will not lead to large air fluctuation. 
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6. Conclusion  
(1) The technology idea which take use of the phase change cool storage device to solve the  thermal-control  
problem is put forward  to meet the needs of capsule. Based on the phase change cool storage technology, the 
refrigeration problem inside the crew capsule is transferred to outside. 
(2) Based on the physical and mathematical modelling of the phase change cool storage device, the modular 
design method is addressed. 
(3) Taking a crew capsule for example, the main structure and thermodynamic parameters of the phase change 
cool storage device are calculated. The fields of temperature and velocity are simulated with computational fluid 
dynamics (CFD). It is shown that the expected thermal control requirements are achieved. 
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